Neural precursor cells of the central nervous system undergo successive temporal waves of terminal division, each of which is soon followed by the onset of cell differentiation. The organ of Corti in the mammalian cochlea develops differently, such that precursors at the apex are the first to exit from the cell cycle but the last to begin differentiating as mechanosensory hair cells. Using a tissuespecific knockout approach in mice, we show that this unique temporal pattern of sensory cell development requires that the adjacent auditory (spiral) ganglion serve as a source of the signaling molecule Sonic hedgehog (Shh). In the absence of this signaling, the cochlear duct is shortened, sensory hair cell precursors exit from the cell cycle prematurely, and hair cell differentiation closely follows cell cycle exit in a similar apical-to-basal direction. The dynamic relationship between the restriction of Shh expression in the developing spiral ganglion and its proximity to regions of the growing cochlear duct dictates the timing of terminal mitosis of hair cell precursors and their subsequent differentiation.
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morphogenesis | Atoh1 | tonotopy T he mammalian cochlea, a coiled sensory end organ of hearing, contains a specialized mechanosensory epithelium (organ of Corti) consisting of hair cells (HCs) and nonsensory supporting cells. Sound frequency discrimination in mammals begins in the cochlea with a frequency-place code, such that specific frequencies elicit maximal responses of the organ of Corti at different points along its longitudinal (basal-apical) axis, a phenomenon known as tonotopy. Many structural and molecular features of the mature organ of Corti that vary along the longitudinal (tonotopic) axis, including stiffness of the basilar membrane and size and shape of the sensory HCs and their associated stereocilia (1, 2) , have been implicated as contributing factors in frequency discrimination. The developmental bases of tonotopy remain obscure, however (3) .
A possible developmental influence on tonotopy is the wellcharacterized dynamic of apical (low-frequency sensing) precursors exiting early from the cell cycle, evident at embryonic day (E) 12.5 in mice, followed by a wave-like spread of terminal mitosis toward the base (high-frequency sensing), with cells completing cell cycle exit (CCE) by E14.5 ( Fig. 1A) (4, 5) . In contrast, early markers of HC differentiation, such as atonal homolog 1 (Atoh1), first appear at the midbase at E13.5 and spread bidirectionally along the developing organ of Corti (Fig. 1A) (6) . Consequently, apically located HC precursors remain in a postmitotic, undifferentiated state for a longer period than their more basal counterparts. This unusual pattern of cellular regulation is in stark contrast to the neural precursors in the cortex and retina, in which each neuronal subtype has a specific timing of terminal mitosis, followed closely by its differentiation (7, 8) .
Gradients of secreted molecules are important for patterning and cell fate specification during embryogenesis. Although these gradients are thought to be established by diffusion of the secreted molecules across the tissue from a restricted source, mechanisms that maintain these gradients are not well understood and are under active investigation (9) . Conceivably, morphogenetic changes in response to the secreted molecules can also modify or limit the extent of signaling received by target cells. However, few clear examples of sequential integration of cell signaling-morphogenesis-cell signaling have been described in vertebrates.
Shh secreted from the notochord and floor plate are required for patterning in the cochlea (10) (11) (12) . Additionally, Shh is expressed in the spiral ganglion that innervates cochlear HCs, and studies conducted using a Shh-cre-Gfp reporter strain indicate that Shh expression in the developing spiral ganglion becomes concentrated near the apex of the growing cochlear duct over time (13) . Given that Shh has been shown to inhibit HC formation in cochlear explants (14) , the restriction of Shh reporter expression in the spiral ganglion has been postulated to regulate cochlear HC differentiation in vivo, even though the reporter activities appear to be ubiquitously high at the onset of HC differentiation (13) . If Shh signaling indeed blocks HC formation in vivo, then loss of Shh in the spiral ganglion should result in HCs at the apex differentiating promptly after CCE, similar to other neural and sensory systems (7, 8) . This prediction also requires that Shh be uninvolved in regulating the timing of CCE of prospective HCs. To test this hypothesis, we investigated in detail Shh expression and signaling during mouse cochlear development, and analyzed the timing of CCE and HC differentiation in cochleae with targeted deletion of Shh in the spiral ganglion. Our results show that integration of Shh signaling from the spiral ganglion and morphogenesis of the cochlear duct dictate the timing of HC precursors exit from cell cycle and subsequent HC differentiation within the cochlea.
Results
Restriction of Shh Expression in the Spiral Ganglion During Cochlear Duct Outgrowth. We investigated Shh signaling in the developing cochlea and extended the Shh reporter studies by examining mRNA transcripts of Shh and Patched1 (Ptc1), a gene activated by Shh (15) , during cochlear development. Shh transcripts were first detected in a subpopulation of cells within the cochleovestibular ganglion (CVG) starting at E11.75 (Fig. 1B) , earlier than reported previously (13) . However, similar to the previous study, these cells were located in the part of the spiral ganglion that is closely associated with the apex of the cochlea by E15.5 To whom correspondence may be addressed. E-mail: bokj@yuhs.ac or wud@nidcd. nih.gov.
( Fig. 1 C and C′) . Three-dimensional reconstruction of Shh expression patterns between E11.5 and E15.5 indicated that as the spiral ganglion follows the contour of the growing cochlear duct over time (Fig. 1 D-F, red) , the subpopulation of Shh + cells in the ganglion appears to restrict and converge toward the apex of the cochlear duct (Fig.1 D-G, green, asterisk) . Analyses of Ptc1 expression indicated that Shh signaling received by the developing cochlea is initially stronger at the base and mid region of the Sox2 and Lunatic fringe (Lfng)
+ prosensory domain at E13.0 ( Fig. 1 H  and H′) , but starts to decrease at the base within 0.5 d (Fig. 1 I and  I′) and becomes restricted to the apex by E14.5 ( Fig. 1 J and J′) . The timing of base-to-apex reduction of Shh signaling is consistent with the known timing of HC differentiation (6) .
Cochlear Duct Growth Depends on Shh Signaling from the Spiral Ganglion. To determine whether Shh produced by the spiral ganglion affects cochlear development, we generated ganglionspecific knockouts using three different cre strains: Foxg1
Cre , Ngn1
Cre , and Ngn1
CreERT2 (16) (17) (18) . Neurogenin1 (Ngn1) expression is initiated in neuroblasts of the CVG before their delamination from the otic epithelium (19) . Foxg1 is expressed in the otocyst and CVG (16) . Based on published cre reporter activities, all three cre strains should ablate Shh expression in the CVG (16) (17) (18) while sparing its expression in the notochord and floor plate, two sources of Shh thought to be required for specification of cochlear identity (10, 11) . Whereas conditional knockout mutants generated using these three cre strains showed intact Shh expression in the notochord and floor plate, deletion of Shh expression in the CVG was more complete when using Foxg1
Cre compared with Ngn1 CreERT2 or Ngn1
Cre (Figs. S1 and S2). In the Foxg1
Cre ; Shh lox/− mutants, some Shh expression was detected in the CVG between E11.5 and E13.5 (Figs. S1H and S6C), but very little of this ganglionic tissue reached the developing cochlea at E13.5 and E15.5 (Figs. S1 B and F and S6 D and D′). In contrast, both Ngn1 Cre ; Shh lox/− and Ngn1
CreERT2 ; Shh lox/− mutants showed a similar pattern of Shh restriction in the spiral ganglion as controls, but the expression domain was reduced in the mutants by E15.5 (Figs. S1L and S2 G and H). These results are further supported by the expression patterns of Ptc1 (Figs. S1 and S2). In addition, Shh expression in the pharyngeal endoderm of Foxg1
Cre ; Shh lox/− mutants was absent ( Fig. S1) , consistent with the expression of Foxg1 in this tissue (16) .
We next analyzed the gross anatomy of Shh conditional mutants using the paint-fill technique. In the most severe Shh conditional mutants, Foxg1
Cre ; Shh lox/− , the cochlear duct consisted of only one-half of a turn ( Fig. 2 A and B) . In the milder Ngn1
CreERT2
; Shh lox/− conditional mutant, the cochlear duct was shorter, with its length dependent on whether tamoxifen administration for activating cre-mediated recombination began at E9.5 or at E10.5 ( Fig. 2 C-E) . These results indicate that Shh from the spiral ganglion dictates cochlear duct length.
Premature Sensory Hair Cell Differentiation in the Ngn1
Cre ;Shh lox/− Cochlea. To address our hypothesis that Shh regulates the wave of HC differentiation in the cochlea, we analyzed the timing of HC differentiation and its relationship to CCE in the Shh conditional mutants. We focused on HC development in the Ngn1 Cre ;Shh lox/− mutants, which survive the longest of the three strains of conditional mutants used. Atoh1, one of the earliest genes associated with HC fate, was first detected in the midbasal region of Ngn1 Cre ; Shh lox/+ cochlea at E13.5 ( Fig. 3A , white arrowheads), and this expression domain soon expanded bidirectionally along the cochlear duct, preceding the normal wave of HC differentiation ( Fig. 1A) (6) . In the mutant cochlea, Atoh1 expression was strongly up-regulated in all regions except in the most apical region (Fig. 3B ). This up-regulation of Atoh1 was followed by premature cochlear HC differentiation examined between E15.5 and E18.5. At E15.5, normal nascent HCs stained with phalloidin showed thickened cortical actin condensations even though their stereocilia were barely visible. In control cochleae, one row of inner HCs (IHCs) and three rows of outer HCs (OHCs) were apparent in the basal region (Fig. 3E, arrowhead  and bracket) , whereas only immature IHCs were observed in the midregion (Fig. 3F, arrowhead) . No cortical condensations were apparent in the apex at this stage ( Fig. 3G) (20) . Phalloidin staining showed a similar base-to-apex gradient of HC differentiation in Ngn1
Cre ; Shh lox/− cochleae, except that HCs in the middle and apical cochleae of mutants appeared more mature compared with controls, with both IHCs and OHCs displaying thickened, actin-rich cortices ( Fig. 3 I and J, arrowhead and bracket). The difference between basal mutant and control cochleae was not apparent at this age based on phalloidin staining (Fig. 3 E and H) .
To better assess HC maturity at the base, we used anti-γ-tubulin antibodies to label the basal bodies and mark kinociliary locations within the HC. During HC maturation, the kinocilium moves from the center of the cell apex toward its edge before acquiring a final polarized, abneural position (21) . Quantitative analyses of the basal cochlea showed increased numbers of mutant HCs with a kinocilium in the final polarized location compared with Ngn1
Cre ; Shh lox/+ controls (Fig. 3C) . At subsequent ages, the premature HC differentiation phenotype in the mutants became progressively less evident at the base and midregion and was apparent only at the apex of the cochlea. Taken together, these results indicate that HC differentiation in the Ngn1
Cre ; Shh lox/− cochlea progresses in a base-to-apex fashion as in normal controls, but does so prematurely. Although Atoh1 upregulation was also observed in the Ngn1
CreERT2 ; Shh lox/− cochlea ( Fig. S2 N and P) , HC differentiation was not assessed in these mutants owing to embryonic lethality beginning at E14.5, likely due to tamoxifen toxicity. , mean 3,832 ± 235.85 μm; n = 14; P < 0.0001) and contained 28% fewer HCs (Fig. S3) . Cochlear duct lengths were parsed into nine equal bins for both mutants and controls (based on percentage of total length), and ratios of EdU-labeled HCs to total HCs were quantified for each bin. We found evidence of an apical-to-basal wave of CCE of HCs in control cochleae (Fig. S4A) , comparable to that defined previously by 3 H-thymidine and BrdU labeling (4, 5) . These results confirm that CCE in the organ of Corti begins at the apex around E12.5 and is completed at the base by E14.5.
Only a moderate reduction in the ratio of EdU-labeled HCs was detected in the basal cochlea of Ngn1
Cre ; Shh lox/− specimens compared with controls after EdU injection at E13.5 and E14.0 ( Fig. 3 K and L, asterisk and Fig. S4B ). These results indicate that premature HC differentiation in Ngn1
Cre ; Shh lox/− cochlea occurs with only a moderate change in CCE.
Premature Cell Cycle Exit of Hair Cell Precursors in the Foxg1
Cre ; Shh lox/− Cochlea. We next sought to determine whether preservation of the normal (albeit premature) base-to-apex wave of HC differentiation in Ngn1 Cre ; Shh lox/− cochleae is related to the presence of reduced Shh expression in the spiral ganglion (Fig. S1L) , or whether Shh emanating from the ganglion is responsible for the timing, but not the directionality, of HC differentiation. To address this question, we conducted detailed investigations of Foxg1 Cre ; Shh lox/− mutants, which demonstrate the greatest reduction of Shh expression in the spiral ganglion among all conditional mutants analyzed. 
The Foxg1
Cre ; Shh lox/− cochlea did not show an exorbitant amount of apoptotic cells in the sensory domain during development, but contained only 20% of the normal amount of HCs. This reduction is most likely related to the severely shortened duct (Fig. S3) . The disparity in cochlear length between mutants and controls makes direct quantitative comparisons of CCE difficult. Nonetheless, an end-stage analysis of Foxg1 Cre ; Shh lox/− cochleae at E18.5 that were injected with EdU at E12.5 and E13.5 found fewer EdU-labeled HCs at the apex than in the base, suggesting preservation of the normal apex-to-base wave of CCE in these mutants (Fig. 4A) . However, most
HCs exited from the cell cycle by E13.5. Furthermore, qualitative analyses of specimens injected with EdU at E13.5 indicated that neither IHCs nor OHCs were EdU + at the apex (Fig. 4 B, mutant on the right in white and E). At the mid region, only OHCs are labeled (Fig. 4 B, light green and D) , whereas the rest of the cochlear duct showed EdU labeling in both cell types (Fig. 4 B, green, and C). This labeling pattern is consistent with the dual dynamics of an apex-to-basal wave of CCE and IHCs exiting from the cell cycle before OHCs (Fig. 4B) (4, 5) . Taken together, these results suggest that terminal mitosis of HC precursors in the Foxg1
Cre ; Shh lox/− cochlea is premature, but an apical-tobasal wave of CCE is preserved.
Hair Cell Differentiation Proceeds in Apex to Base Birection in the Foxg1
Cre ; Shh lox/− Cochlea. The direction of HC differentiation was reversed in the Foxg1
Cre ; Shh lox/− cochlea compared with control and Ngn1
Cre ; Shh lox/− cochleae. Phalloidin staining of Foxg1
Cre ; Shh lox/− cochlea at E14.5 identified multiple rows of nascent HCs with a thickened cortical condensation in the apex (Fig. 4 F and I) , with the phalloidin signal tapering off to a single row of less-mature HCs toward the base (Fig. 4 F and H,  arrowheads) . The saccule by the basal cochlea contained many more mature HCs with stereocilia ( Fig. 4G ). At 0.5 d later, HCs were more mature in the cochlea, and many more with distinct stereocilia were evident at the apex than at the base (Fig. 4 M  and N, arrowheads) . In contrast, no cortical condensation at E14.5 and only a single row of IHCs in the midbasal region at E15 of stage-matched littermate controls were observed (20) .
Immunostaining for myosin VI, a marker of nascent HCs, showed a similar apical-to-basal gradient in the mutant cochlea as phalloidin staining (Fig. 4J) . In stage-matched littermate controls, only a few cells with myosin VI immunoreactivity per cochlea were detectable in the midbase (Fig. 4 K and L) , consistent with the aforementioned pattern of normal HC differentiation. By E18.5, most HCs in the normal cochlea had differentiated stereocilia, with the exception of those at the apex (Fig. S5A) , whereas the Foxg1 Cre ; Shh lox/− cochlea at this stage had HCs with differentiated stereocilia along its entire length (Fig. S5B) .
Consistent with these morphological results, Atoh1 expression at an early stage (E13) was present only in the apex of mutant cochlea (Fig. 5 A-C) , in contrast to control cochleae, in which Atoh1 expression was not detectable at this age. Taken together, these results suggest that in mutants, the normal pattern of HC differentiation (starting at the midbase and radiating longitudinally in both directions) is replaced by an apical-to-basal wave of HC differentiation that is initiated and completed prematurely.
Apical Region Is Present in Foxg1
Cre ; Shh lox/− Cochlear Duct. It has been shown that cochlear duct patterning requires a gradient of Shh signaling that is highest at the apex and lowest at the base (11) . This graded Shh signal has been attributed to the otocyst's proximity to the notochord and floor plate. However, the shortened cochlear duct in Foxg1 Cre ; Shh lox/− mutants suggests the possibility that Shh secreted by the spiral ganglion provides additional Shh-mediated cues that pattern the apical cochlear duct, and this shortened cochlear duct represents a truncation that lacks the apical portion rather than a globally shortened structure. This scenario would confound our interpretation of an apical-to-basal wave of differentiation in the mutants.
We investigated this possibility by analyzing the Foxg1 inner ears for expression of Msx1, a marker for the apical region of the cochlear duct (11) . Our results show that Msx1 expression in Foxg1
Cre ; Shh lox/− mutants is comparable to that in controls at both E11.5 and E15.5 (Fig. 5 D-G) , suggesting that the cochlear duct in Foxg1 Cre ; Shh lox/− ears is not truncated, but is instead globally shortened. This finding further supports the idea that the progression of HC differentiation is inverted in the absence of Shh. Cre ; Shh lox/− cochleae that were injected with EdU at E13.5 (K) and E14 (L). *P < 0.05. Error bars represent SEM.
Discussion
We previously reported that Shh from the notochord and floor plate are important for regional patterning of the cochlea. The distal cochlear duct (closest to the ventral midline) requires robust Shh signaling, whereas the proximal end requires the least Shh signaling (11) . The results of the present study indicate that the main function of Shh in the spiral ganglion is not in regional patterning of the cochlea, but rather in mediating cochlear growth and regulating the timing of CCE and HC differentiation. Despite the fact that Shh signaling is reduced in both the spiral ganglion and pharyngeal endoderm of the Foxg1 Cre ; Shh lox/− mutants, we attributed most of the observed phenotypes to a lack of Shh in the spiral ganglion, given that an up-regulation of Atoh1 in the cochlear apex similar to that reported here has been described in an analysis of the Ngn1 null cochlea, which lacks a spiral ganglion (22) .
Of note, the reverse gradient of HC differentiation was observed only in the Foxg1 Cre ; Shh lox/− mutants, in which most spiral ganglion neurons failed to reach the developing cochlea (Figs. S1 and S6) , and not in the other two Shh conditional mutants, in which some level of Shh reached the cochlear apex (Figs. S1 and S2). These results are consistent with our postulated role of Shh in the spiral ganglion. Considering that the spiral ganglion is essentially absent in both Ngn1 nulls and Foxg1
Cre ; Shh lox/− mutants, our results do not preclude the possibility that the reverse gradient of HC differentiation is indirectly caused by the loss of ganglion functions unrelated to Shh or Ngn1. Nevertheless, the failure of most of the spiral ganglion to reach the developing cochlear duct observed in Foxg1
Cre ; Shh lox/− mutants is not likely related to the replacement of one of the Foxg1 alleles with cre, because Foxg1 expression is not affected in the spiral ganglion (Fig. S6) . ; Shh lox/− cochlea (J) with phalloidin (green) and anti-myosin VI antibodies (red) shows stronger myosin VI staining at the apex than at the base (arrowheads), whereas only weak myosin VI immunoreactivity is detectable at the midbase of control cochlea (n = 2). A similar pattern is observed with anti-myosin VII staining. showing that Shh, produced in a subpopulation (green) of the spiral ganglion (red), promotes growth of the cochlear duct and inhibition of HC differentiation. As the tip of the cochlear duct extends beyond the reach of Shh, prosensory cells start to exit from cell cycle in that location, after which CCE progresses toward the base. As the cochlear duct continues to grow, Shh expression and signaling become restricted toward the apex of the cochlear duct, which allows initiation of HC differentiation at the midbasal region. The lack of Shh causes poor spiral ganglion development and premature CCE, followed promptly by HC differentiation (Lower).
Furthermore, the Foxg1 null cochlea, although shortened as well (23, 24) , did not display a similar reverse gradient or up-regulation of Atoh1 expression (Fig. S7) .
What is the relationship among the three roles of spiral ganglion Shh-growth of the cochlear duct, timing of CCE, and timing of HC differentiation? Abnormal organ of Corti development is known to affect cochlear length (25, 26) . More importantly, the shortened cochlear duct in Shh mutants may simply be the result of precursors prematurely exiting from cell cycle before generating sufficient HCs and even cells outside of the prosensory domain, given that the Ptc1 expression domain is broader than the prosensory region (Fig. 1 H-J′) .
The apical-to-basal wave of CCE in Foxg1 Cre ; Shh lox/− mutants suggests that additional factors are involved in establishing this gradient of CCE along the cochlear duct. However, Shh signaling is clearly required for the base-to-apex progression of HC differentiation in the cochlea (Fig. 5H) . The finding that premature HC differentiation can occur independent of a change in CCE in the Ngn1
Cre ; Shh lox/− mutants suggests that Shh regulates these cellular processes separately.
Atoh1 is the "master" gene identified for specifying HC fate (27) . Shh could mediate the timing of HC differentiation by regulating Atoh1 expression. Shh may promote cell proliferation and inhibit HC differentiation by repressing Atoh1 expression in the cochlea, in contrast to the positive role of Shh signaling on Atoh1 in the developing cerebellum (28) . Alternatively, Shh may have a dose-dependent effect on Atoh1 expression in the cochlea, such that Atoh1 is induced by low doses of Shh at a distance from the ganglion source of Shh, but is inhibited close to the source. This scenario is analogous to the situation in the eye disk, in which atonal is activated in the morphogenetic furrow, far from the source of hedgehog (where levels are low), but repressed in cells posterior to the furrow close to the source of hedgehog (where levels are high) (29) . Whether there is a similar dose-dependent effect of Shh on Atoh1 expression in the developing cochlea, or whether Shh simply inhibits Atoh1 in this tissue, requires further study.
In summary, we propose that Shh in the spiral ganglion promotes growth of the cochlear duct primarily in the base and midcochlear regions (Fig. 5H) . As the cochlear duct grows, the apex of the cochlea extends beyond the reach of much of the Shh signaling emanating from the spiral ganglion (reduced Ptc1 expression in the apex at E13 and E13.5; Fig. 1 H and I) , contributing to the terminal mitosis of apical HC precursors. However, sufficient Shh signaling remains present at the apex to hold off HC differentiation. Although the factors regulating the progression of CCE of HC precursors toward the base are not clear, the premature CCE in both Foxg1
Cre ; Shh lox/− and Ngn1
Cre ; Shh lox/− mutant cochleae suggests that the timing of this progression is under the influence of Shh. In addition, subsequent HC differentiation follows in the wake of restricted Shh signaling from the base toward the apex. Thus, the timing of CCE and HC differentiation within the cochlear duct is region-specific, dependent on the proximity of the spiral ganglion source of Shh. This continuous feedback integration of Shh signaling from the spiral ganglion and morphogenesis of the cochlear duct may be an evolutionary conserved pathway.
Given the importance of the timing of CCE and differentiation in specifying neuronal subtypes in the central nervous system (7, 8, 30) , it is possible that this regulation of CCE and differentiation of cochlear HCs by Shh prefigures the tonotopic organization of this organ. 
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